concentration induces STIM multimerization and translocation into puncta close to the plasma membrane where they bind to and activate ORAI channels. Since the identification of ORAI and STIM genes as the principal mediators of CRAC channel function, substantial advances have been achieved in understanding the molecular regulation and physiological role of CRAC channels in cells of the immune system and other organs. In this review, we discuss the mechanisms that regulate CRAC channel function and SOCE, the role of recently identified proteins and mechanisms that modulate the activation of ORAI/ STIM proteins and the consequences of CRAC channel dysregulation for lymphocyte function and immunity.
Introduction
Lymphocyte function is critically dependent on the regulation of intracellular Ca 2? levels, [Ca 2? ] i . An increase in [Ca 2? ] i can originate from two sources: (1) the emptying of intracellular Ca 2? stores, mainly the endoplasmic reticulum (ER), and (2) the influx of extracellular Ca 2? through Ca 2? channels in the plasma membrane. The release of Ca 2? from ER stores follows the generation of second messengers such as inositol 1,4,5-trisphosphate (InsP 3 ) following engagement of the T cell receptor (TCR, Fig. 1 2? stores controls the activity of Ca 2? channels in the plasma membrane was first postulated by J. Putney [1] . Originally termed capacitative Ca 2? entry, this pathway now is commonly referred to as store-operated Ca 2? entry (SOCE). The molecular identity of the channels that mediate SOCE remained elusive for many years, due in part to the difficulty of measuring the electrical activity of the Ca 2? channels responsible for SOCE in lymphocytes by patch clamp electrophysiology. From indirect measurements of Ca 2? influx, it was clear that whole-cell Ca 2? currents had to be very small. There was some evidence of Ca currents in mast cells and T cells before 1990 [2, 3] , but a break-through was achieved when the first bona fide storeoperated channel was discovered in mast cells and T cells [4, 5] . This current was named calcium release-activated calcium (CRAC) current [4] . It is present in most, if not all, immune cell types but also in many other electrically nonexcitable cells and even in some electrically excitable cell types such as myocytes [6] . In lymphocytes, the activation of CRAC channels can be triggered by active (i.e., TCR or BCR engagement) or passive (i.e., inhibition of ER store refilling) depletion of Ca 2? stores ( Fig. 1) . Despite the importance of CRAC channels for lymphocyte function, it took another 14 years to discover their molecular nature.
In this review, we will discuss the substantial advances that have been made in recent years in deciphering the molecular mechanisms of CRAC channel regulation and their role in lymphocyte function.
ORAI and STIM family proteins are essential CRAC channel components and mediate SOCE ORAI proteins constitute the CRAC channel pore Several ion channels were proposed to mediate SOCE in lymphocytes since the discovery of CRAC channel currents -ATPase (SERCA) pump by thapsigargin (TG). The reduction in [Ca 2? ] ER resulting from active or passive store depletion is sensed by STIM1 and its homologue STIM2, resulting in their oligomerization and translocation to ER-plasma membrane (PM) junctions. There STIM1 and STIM2 bind to and open CRAC channels formed by ORAI proteins located in the plasma membrane, resulting in storeoperated Ca 2? entry (SOCE). SOCE is sustained by Ca 2? uptake into mitochondria that are located close to the plasma membrane, thereby preventing Ca 2? -dependent inactivation of CRAC channel function. DAG diacylglycerol, InsP 3 inositol 1,4,5-trisphosphate, LAT linker of activated T cells, Lck lymphocyte-specific protein tyrosine kinase, PIP 2 phosphatidylinositol 4,5-bisphosphate, SHP-76 SH2 domain containing leukocyte protein of 76 kDa, ZAP-70 Zeta-chain-associated protein kinase 70 in mast cells and T cells [4, 5] , including several members of the transient receptor protein (TRP) family of ion channels [7] . In 2006, however, we and others discovered a new class of calcium channels that comprises ORAI1, ORAI2, and ORAI3 (alternatively termed CRACM1-3). ORAI proteins, in particular ORAI1, encode the CRAC channel and are responsible for SOCE in immune cells. Drosophila orai (dOrai) and human ORAI1 genes were identified in genome-wide screens for regulators of Ca 2? influx and the nuclear factor of activated T cells (NFAT), and by linkage analysis in human patients whose T cells lack functional CRAC channels and SOCE resulting in immunodeficiency [8] [9] [10] . The mutated gene in patients mapped to a *4 Mb region on chromosome 12q24 [8] , which harbored the hypothetical gene FLJ14466, the human ortholog of the Drosophila gene Olf186-F. The latter was identified as a candidate gene regulating NFAT activation and SOCE by three independent RNAi screens [8] [9] [10] .
ORAI proteins are structurally unrelated to other calcium channels and contain four-transmembrane domains, a cytoplasmic N-and C-terminus, and two extracellular as well as one intracellular loops (Fig. 2a) . Subsequent structure-function analyses by several groups have shown that ORAI1 is the pore-forming subunit of the CRAC channel [11] [12] [13] [14] [15] . The first transmembrane domain (TM1) lines the channel pore [11] [12] [13] [14] [15] and contains a glutamate (E106) residue that forms a high-affinity Ca 2? binding site that confers the high Ca 2? selectivity to the CRAC channel (Fig. 2a) . A mutation of E106 to alanine (A) or glutamine (Q) abolishes CRAC currents and mutation to aspartate renders the channel non-selective [12] [13] [14] 16] . E106 is highly conserved in other ORAI homologues and mutating E81 at the same position in TM1 of ORAI3 abolished SOCE [17] . The analysis of other residues in TM1 of ORAI1 indicate that the CRAC channel pore is narrow [11, 15] , potentially explaining the CRAC channel's small unitary conductance and therefore small currents observed in lymphocytes.
Sequence analysis in cells from CRAC-deficient patients revealed that they are homozygous for a Arg-to-Trp missense mutation (R91 W) in ORAI1 [8] . R91 is localized at the cytoplasmic end of the first transmembrane domain of ORAI1 and its mutation to Trp interferes with CRAC channel function despite normal ORAI1 expression (Fig. 2a) . Hydrophobic substitutions at position 91 impair CRAC channels function, presumably by inserting TM1 of ORAI1 more rigidly in the plasma membrane and interfering with CRAC channel opening [18] . R91 was shown to be a pore-lining residue of the CRAC channel [11] and has been suggested to be part of the gate at the inner mouth of the CRAC channel [19] . Mutation of R91 may therefore directly interfere with ion conduction through the CRAC channel pore. The blocking effect of the R91W mutation could be reversed when combined with mutations of G98 in the middle of TM1, which was therefore proposed to be a gating hinge that allows the CRAC channel to open [19] . Another study identified V102, a residue located in the extracellular region of the pore, as the CRAC channel gate because several mutations at V102 produce constitutively open CRAC channels [20, 21] . A more detailed understanding of the gating mechanism and architecture of the CRAC channel will have to await solving the crystal structure of ORAI proteins. A widely accepted model proposes that functional CRAC channels are formed by assembly of four ORAI1 subunits, whose TM1 domains form the CRAC channel pore [22] [23] [24] . A more detailed discussion of the tetrameric CRAC channel structure and the regulation of ion conduction by the CRAC channel can be found in these reviews [20, 25] .
Like ORAI1, its homologues ORAI2 and ORAI3 function as Ca 2? channels when overexpressed in a variety of cell types [26, 27] . Their channel properties are similar to those of ORAI1 including regulation by store-depletion and exquisitely high Ca 2? selectivity, but there are also significant differences regarding their inactivation properties and response to pharmacological inhibitors [27] . The physiological roles of ORAI2 and ORAI3 in lymphocytes remain unknown. In human T cells, ORAI1 is the predominant ORAI family member that mediates CRAC channel function and SOCE as emphasized by the complete lack of CRAC channel currents and SOCE in T cells of patients with loss-of-function mutations in ORAI1 [28] . In naive murine T cells, ORAI2 or ORAI3 may contribute to SOCE as naive CD4
? and CD8 ? T cells from Orai1 -/-mice and Orai1 R93W/R93W mice (knock-in mice expressing a non-functional ORAI1-R93W protein that is equivalent to the human ORAI1-R91W mutant) displayed residual SOCE [29] [30] [31] . Future studies will have to elucidate the contribution of ORAI2 and ORAI3 to SOCE in lymphocytes and other cell types.
STIM proteins activate CRAC channels
Equally intangible as the nature of CRAC channels themselves was their store-operated activation mechanism. This problem was solved with the identification of stromal interaction molecules (STIM) 1 and STIM2 as essential regulators of SOCE [32] [33] [34] . Both proteins are highly conserved single-pass transmembrane proteins that are localized predominantly in the membrane of the ER, although a minor fraction is found in the plasma membrane (PM) [35, 36] . Before its role in SOCE was identified, STIM1 had been implicated in the survival of pre-B cells [37] and as a tumor suppressor linked to the pathogenesis of rhabdomyosarcoma [38] . Early genetic and molecular studies conducted by Dziadek and coworkers identified STIM2 and Drosophila dStim as homologues of STIM1 that display a conserved gene and protein domain structure, suggesting that both genes are derived from one ancestral gene (Fig. 2b) [39] . These studies showed that STIM1 and STIM2 form homo-and heteromultimers and that both proteins are posttranslationally modified by phosphorylation and N-linked glycosylation [36, 39, 40] . The function of STIM proteins, however, remained elusive. In 2005, two groups independently identified STIM1, STIM2, and dStim proteins as regulators of SOCE in HeLa cells and Drosophila S2 cells, respectively, using RNAi screens focusing on signal transduction and ion channel-associated genes [32, 33] . These studies revealed that mammalian STIM1 and dStim are essential for activation of SOCE. Furthermore, they showed that STIM proteins are localized predominantly in the ER where they sense the [Ca In the next chapter, we will discuss in detail how STIM proteins control the activation and inactivation of ORAI channels.
Mechanisms of ORAI1-CRAC channel activation by STIM proteins
Most studies have investigated the role of STIM1 in CRAC channel activation. In this chapter, we will therefore mainly focus on STIM1, but discuss some relevant differences between STIM1 and STIM2. . a ORAI1 is a tetraspanning plasma membrane protein that contains intracellular Nand C-termini (NT, CT), two extracellular loops (I-II, III-IV), and an intracellular loop (II-III; left panel) [8] [9] [10] . A coiled-coil (CC) domain in the CT of ORAI1 mediates STIM1 binding and is required for CRAC channel activation [54] . ORAI1 is the pore-forming subunit of the CRAC channel [12] [13] [14] . The first transmembrane domain (TM1) of ORAI1 contains several residues that line the channel pore and mediate important CRAC channel functions. Glutamate (E) 106 provides a high-affinity Ca 2? binding site in the channel lumen and is responsible for the high Ca 2? selectivity of the CRAC channel [12] [13] [14] . V102 and R91 in the middle and at the cytoplasmic end of TM1, respectively, were proposed to form the channel gate that regulates Ca 2? permeation through the CRAC channel [19, 21] . G98 may function as a molecular hinge that allows the channel to open and close [19] . Functional CRAC channels are formed by assembly of four ORAI1 subunits (right panel) [22] [23] [24] . Four TM1 domains are thought to line the channel pore [11, 15] , each contributing one E106 residue to form the Ca 2? binding site and Ca 2? selectivity filter [12] [13] [14] 16] . In this figure, the fourth ORAI1 subunit is removed to reveal the Ca 2? permeation pathway. store depletion [32, 35, 43] . The CT of STIM1 and STIM2 contains two strong (CC1, CC2) and one weak (CC3) coiled-coil domains, which mediate STIM oligomerization upon store depletion. CC2 and CC3 are part of a minimal CRAC channel activation domain (CAD, also called STIM ORAI activating region (SOAR) or coiled-coil domain b9 (CCb9)), which directly binds to ORAI1 to activate CRAC channels [49, 51, 52]. The longer ORAI1-activating short fragment (OASF) also activates CRAC channels [53] . The lysine-rich region at the very CT is required for the recruitment of STIM1 to the plasma membrane (PM) by interacting with negatively charged phospholipids in the PM [59] . CC coiled-coil, EFh EF-hand, K lysine-rich, SAM sterile alpha motif, S signal peptide, S/P serine/proline-rich, TM transmembrane [47] showed that puncta are the sites of highly localized Ca 2? influx, indicating that these structures form critical signaling microdomains at ER-PM junctions.
CRAC channel activation requires the binding of STIM1 to ORAI1, and several studies have defined the molecular domains in both proteins that mediate this activation. The C-terminus (CT) of STIM1 contains three coiled-coil (CC) domains (Fig. 2b) . The more C-terminal second and third CC domains are part of a CRAC channel activation domain (CAD) that is *110 amino acids (aa) in size and required for ORAI1 activation as reported independently by several groups. Alternative names for CAD (aa 342-448) [49] present in the literature are STIM1-ORAI activating region (SOAR, aa 344-442) [51] and coiled-coil domain b9 (CCb9, aa 339-444) [52] . When expressed as a soluble fragment, STIM1-CAD is localized at the plasma membrane and bound to ORAI1. CAD, and the larger ORAI1-activating small fragment (OASF, aa 233-450), are sufficient to activate CRAC channels in the absence of store depletion [49, [51] [52] [53] ]. An important binding site for STIM1-CAD is the CC domain in the CT of ORAI1. Mutation of hydrophobic residues L273 and L276 within heptad repeats interfere with the structure of the coiled-coil domain in ORAI1-CT and abolish STIM1 binding and CRAC channel activation [54, 55] . In addition, STIM1-CAD also weakly binds to the N-terminus (aa 48-91) of ORAI1 in solution [49, 56] , and interactions of STIM1 with both the C-and N-terminus of ORAI1 are thought to mediate CRAC channel activation.
Oligomerization of STIM1 is required for SOCE For STIM1 to efficiently activate CRAC channels, it has to undergo activation-induced oligomerization. At rest, i.e., in cells with replete ER Ca 2? stores, STIM1 is already oligomerized to some degree based on the observation of resting FRET between STIM1 molecules, their migration as dimers in crosslinking experiments, and the fact that STIM1 molecules can be co-immunoprecipitated in nonstimulated cells [23, 40, 57] . STIM1 interactions in resting cells depend on the cytoplasmic CC regions within STIM1 as shown by co-IP and FRET experiments [57, 58] . Upon store depletion, STIM1 undergoes formation of higherorder oligomers that precede the establishment of puncta and activation of SOCE [54, 59] . Oligomerization of STIM1 mediates CRAC channel activation in part by increasing the avidity of a lysine-rich region at the STIM1-CT for negatively charged plasma membrane phospholipids (PIP2, PIP3), thereby promoting STIM1 translocation to the PM. Deletion of the lysine-rich region (DK) impairs STIM1 recruitment to the PM, but does not inhibit store depletion-induced STIM1 oligomerization [59] . The importance of STIM1 oligomerization for the effective opening of CRAC channels was shown by replacing the NT of STIM1 with a rapamycin-inducible oligomerization system. Luik et al. [60] demonstrated that oligomerization of STIM1 driven by N-terminal homotypic binding triggers STIM1 translocation, puncta formation, and activation of CRAC channels, indicating that STIM1 oligomerization is a critical switch in the activation of SOCE following store depletion. The formation of higher-order STIM1 oligomers following store depletion depends on protein domains in dissociates from the EFh, resulting in a conformational change of the STIM1-NT. Structural data support a model in which the Ca 2? -free EFh unfolds from the adjacent SAM domain [42] , thereby allowing the interaction of SAM domains in neighboring STIM1 molecules and their oligomerization. The STIM1-CT and its CC domains are critical for STIM1 oligomerization and ORAI1 binding. The structure of the STIM1-CT and the conformational changes that occur within it following store depletion are incompletely defined. a In one model, the STIM1-CT is present in a folded, inactive conformation in cells with replete ER stores. CC2 and CC3 (which encompass the majority of the CAD/CCb9/SOAR domain) were proposed to interact with CC1 (which was shown to inhibit the ability of the STIM1-CT to activate CRAC channels) through hydrophobic interactions and hydrogen bonds between acidic (CC1: 302-322) and basic (CC2: 382-386) residues (indicated by minus and plus symbols) [58, 63, 64, 66] . Upon store depletion, the STIM1-CT unfolds, allowing STIM1 oligomerization. b An alternative model proposed by Yang et al. [68] is based on the crystal structure of the human CAD domain and the CC1-CAD domains of C. elegans. The CAD domain, which contains two long alpha helices aligned in an antiparallel manner, exists as a dimer in solution. Dimerization is stabilized by hydrophobic interactions, hydrogen bonds, and stacking interactions between residues located at the N-and C-terminal ends of each CAD domain (for details see text). The CAD dimer forms a V-shaped structure that exposes basic Lys and Arg residues (aa 382-387; indicated by plus symbols), which may mediate binding to ORAI1 as reported earlier [63, 66] . CAD function is restrained by an inhibitory helix at the C-terminal end of CC1 (light blue box) that interacts with CAD in several locations [68] . STIM1 activation is mediated by release of the inhibitory helix from CAD. In contrast to the model shown in a, the structure of the CAD dimer remains unchanged after store depletion. For clarity, only one of the dimer-forming CAD domains is shown in color. CC coiled-coil, CT C-terminus, EFh EF-hand, K lysine-rich, NT N terminus, SAM sterile alpha motif, S/P serine/proline-rich, TM transmembrane the N-and C-termini of STIM1 [41, 42, 57, 58] . The N-termini of STIM1 proteins oligomerize via their EFh-SAM domain following Ca 2? dissociation from the EFhand and unfolding of the EFh-SAM structure [42, 43] . Deletion of the SAM domain from the NT of STIM1 abolishes SOCE and prevents the formation of STIM1 puncta [57] . In addition, the CT of STIM1 is essential for the formation of higher-order STIM1 complexes. While a STIM1 molecule truncated after the CAD was able to oligomerize upon store depletion, further truncation including the CAD abolished activation-induced oligomerization [58] , indicating that CAD-in addition to mediating ORAI1 binding-is required for stabilizing STIM1 oligomers. Recent studies have addressed how many STIM1 molecules are required to activate ORAI1 channels. Using different experimental approaches, Hoover et al. [61] and Li et al. [62] showed that maximal CRAC channel activation is achieved at a STIM1:ORAI1 molar ratio of 2:1. Based on the model that active ORAI1 channels are composed of four subunits [22] [23] [24] , these findings suggest that eight STIM1 molecules bind to one ORAI1 channel tetramer.
Conformational changes in the STIM1 C-terminus regulate its function
Several recent studies have shed light on the structure of the STIM1-CT and how it regulates CRAC channel activation. They suggest that in resting cells STIM1-CT exists in a closed configuration that is maintained by intramolecular interactions between charged and hydrophobic residues in CC domains [63, 64] (Fig. 3a) . Korzeniowski et al. [63] showed that the CC1 domain of STIM1-CT exerts an inhibitory effect on Ca 2? influx and identified an acidic domain (aa 302-322) that was proposed to interact with four lysine residues (aa 382-386) in the CAD domain. The charged interactions between these domains were suggested to keep STIM1 in an inactive state and prevent ORAI1 activation. Upon store depletion, the closed confirmation of STIM1-CT was proposed to give way to an extended conformation that allows the basic STIM1-CT domain (aa 382-386) to interact with an acidic domain in the CT of ORAI1 (aa 272-291) that shows significant sequence homology with the acidic domain in STIM1-CC1 [63] . Thus, the acidic and basic domains in STIM1-CT were proposed to act as an electrostatic clamp that controls the intramolecular conformation of STIM1, thereby regulating its ability to activate ORAI1. In addition, several hydrophobic residues in the CT of STIM1 were shown to control its intramolecular conformation. Muik et al. [64] designed a FRET-based STIM1 reporter that encompasses part of the STIM1 C-terminus (aa 233-474) and that exhibits robust intramolecular FRET. Mutation of several hydrophobic residues in heptad repeats of CC1 (L248, L251), CC2 (L373, A376), and CC3 (L416, L423) that were predicted to interfere with the coiled-coil structure of CC1, CC2, and CC3 resulted in a significant reduction of FRET as well as constitutive localization of STIM1 mutants (L251S and L416S/L423S) into puncta and CRAC channel activation [64] . Collectively, these studies demonstrate that intra-and intermolecular interactions between charged and hydrophobic residues in CC domains within STIM1-CT control its conformation, oligomerization, and ability to bind to ORAI1.
Important insight into the structure of the STIM1-CT was recently provided by Yang et al. [65] who crystallized human STIM1-CAD (aa 345-444) and the entire CC region (aa 212-410) of C. elegans STIM1 (corresponding to aa 233-465 of hSTIM1). When CAD was mutated (L374M, V419A, C437T) to obtain crystals that diffracted to high resolution, it preferentially formed dimers without affecting its ability to colocalize with ORAI1 and mediate SOCE [65] . Importantly, the structural studies show that CAD consists of two long (a1, a4) and two short (a2, a3) alpha helices that are arranged in an ''R'' shape resulting in an antiparallel alignment of a1 (NT of CAD) and a4 (CT of CAD). In its most stable configuration, CAD forms a dimer in the shape of the letter ''V'' (Fig. 3b) [65] . The dimer is stabilized by interactions of hydrophobic residues in the NT (L347, L350, L351) and CT (I433, L436) of the two interacting CADs. Additional interactions are provided by hydrogen bonds (R429, T354) and stacking interactions (Y361). Mutation of all three hydrophobic residues abolished the binding of CAD to ORAI1 and the ability of fulllength STIM1 to activate SOCE [65] , indicating that CRAC channel activation is dependent on STIM1 dimer formation. Structural data by Yang et al. [65] further suggest that binding of STIM1 to ORAI1 is mediated by a polybasic motif (K384-386) in CAD. These lysines are situated in the open part of the V-shaped CAD dimer, providing a peg-like structure that may facilitate CAD binding to ORAI1 (Fig. 3b) . These lysines had been suggested before to mediate STIM1 binding to ORAI1 [63, 66] . Their location in the open part of the CAD dimer [65] , however, would be inconsistent with their interaction with acidic residues in CC1 (aa 302-322) to keep the CT of STIM1 in a closed, inactive configuration, as was proposed earlier [63, 67] . It is important to note that the structure of the STIM1 dimer as revealed by Yang et al. most likely represents the ''resting state'' of STIM1 in cells with replete Ca 2? stores; the conformation of the active STIM1 and CAD domain awaits additional structural analyses.
In contrast to CAD, overexpression of the entire STIM1-CT (aa 238-685) results in only a small increase in basal cytosolic Ca 2? [49, [51] [52] [53] 63] , suggesting that the CAD domain in the context of the entire STIM1-CT is subject to intra-or intermolecular inhibition. Kawasaki et al. [52] showed that while expression of CAD/CCb9 (aa 339-444) resulted in its colocalization with ORAI1 at the PM and constitutive Ca 2? influx, a slightly longer CCb7 fragment (aa 339-485) was located largely in the cytoplasm and was a poor activator of constitutive Ca 2? influx. Direct injection of a synthetic polypeptide encompassing aa 445-475 present in CCb7 (but not CCb9) into Jurkat T cells significantly attenuated CRAC channel function, suggesting that STIM1 445-475 curtails the CRAC channel-activating function of CAD. Furthermore, several groups have proposed that STIM1-CT is kept in a closed, inactive configuration through intramolecular interactions between CAD and CC1 as discussed above [63, 64] . Consistent with these findings, the structural studies by Yang et al. [68] defined an inhibitory alpha helix at the C-terminal end of CC1 (corresponding to aa 310-337 in hSTIM1) that interacts with the basal region of the CAD dimer. The authors postulate that the inhibitory alpha helix keeps the CT of STIM1 in a closed configuration and thereby prevents STIM1 multimerization and CRAC channel activation, consistent with the observation that its deletion results in constitutive colocalization of STIM1 with ORAI1 and Ca 2? influx [68] . This idea is consistent with E322 in CC1 being part of an acidic domain that keeps STIM1 in a closed configuration through interaction with a basic domain in the middle of CAD (aa 382-386) [63] . By contrast, the structural data also suggest that the inhibitory helix (aa 310-337) interacts with residues at the N-and C-terminal ends of CAD [68] , but not the basic domain (aa 382-386) located in its middle, as previously suggested [63] . An important difference between the models discussed above is whether the structure of the CAD domain (required for CRAC channel activation) is fixed, as suggested by Yang et al. [68] or undergoes a conformational change [63, 64] upon store depletion and STIM1 oligomerization. Important insight into this question will come from solving the crystal structure of STIM1 in an active, oligomerized state.
Despite the unresolved questions discussed above, the following model of STIM1-mediated CRAC channel activation emerges from these studies: In resting cells with replete ER Ca 2? stores, STIM1 exists as a dimer that is stabilized by interactions of CAD and CC1 domains [58, 68] . Upon store depletion and dissociation of Ca 2? from EFh domains in the N terminus of STIM1, the neighboring EFh and SAM domains unfold, allowing the SAM domains of adjacent STIM1 molecules to interact and promote oligomerization. The formation of stable higher-order oligomers of STIM1 requires intermolecular interactions between coiled-coil domains in the CT of STIM1, which become possible after the release of inhibitory intra-and intermolecular interactions between CC1 and CAD domains [63, 64, 66, 68] . Conformational changes in the C-terminus of STIM1 that have yet to be defined promote the translocation of STIM1 to the PM, where the K-rich region at the very CT of STIM1 forms high avidity interactions with acidic phospholipids in the PM. These interactions facilitate STIM1 binding via its CAD domain to the C-and N-termini of ORAI1. Optimal CRAC channel activation is achieved when eight STIM1 molecules bind to one tetrameric ORAI1 channel [61, 62] .
Differences between STIM1 and STIM2
The mature STIM1 (685 aa) and STIM2 (746 aa) proteins show 53 % amino acid identity and possess a similar domain architecture, but diverge significantly in their C-terminus [39] . In addition to the conserved EFh, SAM, and CC domains already discussed, both proteins contain lysine-rich tails (5 Lys in STIM1, 7 Lys in STIM2) at their very C-termini, but whereas STIM1 contains a serine-and proline-rich region (aa 600-629), STIM2 possesses a proline-and histidine-rich region (aa 533-559). The contributions of these regions to the differential functions of STIM1 and STIM2 are not fully understood. Although STIM1 and STIM2 are ubiquitously expressed in many tissues and cell types [39] , expression levels of STIM1 in murine lymphocytes are much higher compared to those of STIM2. STIM1 protein is readily detectable in naive and in vitro-differentiated CD4
? T cells, whereas very little STIM2 is found in naive T cells [69] . STIM2 levels increase after T cell stimulation in vitro whereas levels of STIM1 remain constant. These differences in expressiontogether with the distinct activation kinetics and thresholds of STIM1 and STIM2 activation discussed further above [41, 45]-may explain why genetic deletion of STIM1 in human and mouse T cells severely impairs SOCE whereas deletion of STIM2 in murine T cells does not affect SOCE levels and CRAC currents, at least in the first minutes following T cell stimulation. STIM2 deletion does, however, abolish sustained Ca 2? influx and activation of the Ca 2? regulated transcription factor NFAT when measured 0.5-6 h after stimulation [69] . Accordingly, expression of cytokine genes by STIM2-deficient T cells is significantly impaired [69] [70] [71] , resulting in attenuated inflammation in animal models of autoimmune CNS inflammation [70, 71] . Therefore, both STIM1 and STIM2 are required for SOCE and activation of murine T cells although their quantitative contributions differ.
Regulation of CRAC channel inactivation
The tight regulation of CRAC channel function and SOCE in cells of the immune system is important to prevent aberrant immune responses with potentially deleterious consequences. In this chapter, we will discuss the molecular mechanisms that mediate CRAC channel inactivation (Fig. 4) .
Fast calcium-dependent inactivation
A biophysical hallmark of CRAC channels is their fast Ca 2? -dependent inactivation (CDI). This is observed when CRAC channel currents (I CRAC ) are analyzed by patchclamp electrophysiology following depletion of ER Ca 2? stores. CDI occurs within tens of milliseconds following the peak of I CRAC under conditions where voltage-clamped cells are hyperpolarized (i.e., their membrane potential is artificially held at very negative membrane potentials) [72] [73] [74] . Fast CDI can be diminished by chelating intracellular Ca 2? with BAPTA, a fast Ca 2? chelator, but not EGTA, a slow Ca 2? chelator [72, 74] . At the time these observations were made, they suggested that fast CDI results from Ca 2? effects on molecules in close proximity to the site of Ca 2? influx or the CRAC channel itself [73, 74] . After the discovery of ORAI1 and STIM1, the mechanisms underlying fast CDI have been revisited, largely confirming the initial predictions. In cells ectopically expressing ORAI1 and STIM1, fast CDI is observed only when full-length STIM1 or the entire STIM1-CT are expressed, but not with CAD alone, indicating that fast CDI is mediated by a domain in the distal part of STIM1-CT (aa 448-685) [49] . Indeed, a string of acidic residues in STIM1 immediately adjacent to CAD (475-DDVDDMDEE-483) is required for fast CDI and mutation of several D/E residues resulted in loss of fast CDI [75] [76] [77] (Fig. 4b) . By contrast, overall CRAC channel currents were not altered. It is unlikely that the negative charges in this CRAC modulatory region (CMD) serve as Ca 2? binding sites and directly mediate CDI because the effects of mutating D/E residues on Ca 2? binding and CDI correlated poorly [77] .
In addition to STIM1, CDI is mediated by domains within ORAI1 itself. Mullins et al. [77] identified a calmodulin-binding domain in the N-terminus of ORAI1 -dependent CRAC channel inactivation (CDI) occurs over tens of milliseconds and is mediated by acidic residues in the STIM1-CT immediately adjacent to CAD, a calmodulin-binding domain (aa [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] in the N-terminus of ORAI1 and a NVHNL polypeptide in the II-III loop of ORAI1 (all indicated in orange). (2) Slow store-dependent inactivation of CRAC channels occurs over tens of seconds and is mediated by Ca 2? re-uptake into the ER via SERCA pumps, resulting in Ca 2? re-binding to the EFh in STIM1 and STIM1 de-oligomerization. (3) Slow store-independent CRAC channel inactivation also occurs over tens of seconds and is regulated by several mechanisms, including interaction of STIM1 with SARAF and potentially PKCb-mediated phosphorylation of ORAI1 on N-terminal serine residues S27 and S30 (SF, unpublished). c Regulation of CRAC channel function by several modulatory proteins. CRACR2A forms a ternary complex with ORAI1 and STIM1 to promote puncta formation and CRAC channel activation. Junctate is a single-pass transmembrane protein in the ER that facilitates recruitment of STIM1 (and ORAI1) to ER-PM junctions. Golli is a cytoplasmic protein that is recruited to the PM in a myristoylation-dependent manner and inhibits CRAC channel function. Stanniocalcin 2 (STC2) and the ER-resident oxidoreductase ERp57 bind to STIM1 and inhibit SOCE, but the underlying mechanisms are not well understood. ORAI1 function can be directly modulated by reactive oxygen species (ROS) via redox regulation of a reactive cysteine (C195) in its III-IV loop. Finally, Ca 2? uptake into mitochondria located close the plasma membrane via the mitochondrial uniporter (MCU) prevents Ca 2? -dependent CRAC channel inactivation by curtailing a rise in local Ca 2? concentrations. CAD CRAC channel activation domain, CC coiled-coil, EFh EF-hand, SAM sterile-alpha motif, SARAF SOCE-associated regulatory factor, SERCA sarcoplasmic/endoplasmic reticulum Ca 2? ATPase (aa 70-87) that is critical for CDI and mutation of A73, W76, or Y80 within this domain to Glu abolished calmodulin-binding and fast CDI, suggesting that calmodulinbinding to the NT of ORAI1 is required for CDI (Fig. 4b) . In addition, five amino acids (NVHNL) in the intracellular loop of ORAI1 (linking TM domains II and III) were shown to be critical for fast CDI [78] . The authors of this study propose that inactivation of I CRAC is due to direct block of the ion permeation pathway by hydrophobic residues within the NVHNL peptide. Lee et al. [76] showed that fast CDI in ORAI2 and ORAI3 is dependent on three conserved Glu residues in the CT of ORAI2 (E233, E235, E236) and ORAI3 (E281, E283, E284). In this study, fast CDI was more pronounced in ORAI2 and ORAI3 channels compared to ORAI1 [27], and it was suggested that this may be due to the presence of additional glutamate residues (E235 in ORAI2, E283 in ORAI3) compared to ORAI1 [76] . Reconciling these findings, Frischauf et al. [79] argued that a complex interplay between all three cytosolic domains -(NT, CT and II-III loop) of ORAI channels are required-together with STIM1-for fast CDI. Further studies are required to elucidate the structural mechanisms by which STIM1 and ORAI1 mediate CDI. Importantly, it needs to be determined which physiological role fast CDI plays, if any, in modulating Ca 2? signals, lymphocyte function and ultimately immune responses.
Slow inactivation of CRAC channels by ER store-refilling Inactivation of CRAC channels also occurs on another time scale. CRAC channels slowly inactivate within tens of seconds after their activation. This process is controlled by several mechanisms [80, 81] . One involves the refilling of ER Ca 2? stores following Ca 2? influx via CRAC channels and Ca 2? uptake via sarco/endoplasmic reticulum ATPase (SERCA) pumps (Fig. 4b) . Upon refilling of ER stores, Ca 2? binds to the EF-hand domain in the N-terminus of STIM1 leading to de-oligomerization of STIM1, dissolution of puncta and inactivation of I CRAC [59] . Interestingly, although STIM1 oligomerization is entirely dependent on [Ca 2? ] ER levels, Malli et al. [82] and Shen et al. [83] found that an increase in [Ca 2? ] ER is required but not sufficient by itself to induce STIM1 de-oligomerization. A localized increase in cytosolic Ca 2? levels was also required for the dissociation of STIM1 puncta and their diffusion away from the plasma membrane. The mechanism by which cytosolic Ca 2? regulates STIM1 de-oligomerization is unknown. Additional mechanisms of slow CRAC channel inactivation that involve posttranslational modification of ORAI/STIM molecules and additional regulatory proteins and mechanisms will be discussed in the following chapters.
Regulation of SOCE by posttranslational modifications of ORAI/STIM proteins and other mechanisms

ORAI1 and STIM1 phosphorylation
In addition to fast CDI and sequestration of Ca 2? in the ER, the activity of CRAC channels is regulated by posttranslational modification of ORAI1 and STIM1 proteins. ATPdependent phosphorylation leads to the slow inactivation of CRAC currents over tens of seconds. This slow inactivation was enhanced by phorbol esters and prevented by staurosporine and bisindolylmaleimide, indicating that inactivation is mediated by a protein kinase C (PKC)-dependent mechanism [81] . Kawasaki et al. [84] showed that ORAI1 is a direct target of phosphorylation by the Ca 2? -dependent PKC isoform PKCb following Ca 2? influx induced by passive store depletion. PKCb predominantly phosphorylates the N-terminus of ORAI1 and in particular S27 and S30, but not other intracellular Ser/Thr residues of ORAI1 (Fig. 4b) . The phosphorylation of S27 and S30 suppresses SOCE and cells transfected with non-phosphorylatable ORAI1-S27A/S30A mutants showed enhanced SOCE when compared to cells expressing wild-type ORAI1 [84] . In addition, the slow inactivation of CRAC currents is reduced in cells expressing mutant ORAI1-S27/ 30A compared to wild-type ORAI1 when cells were dialyzed with ATP or non-hydrolysable ATP-cS through the patch-clamp pipette (S.F. unpublished observations). The phosphorylation of ORAI1 on S27 and S30 may therefore represent a Ca 2? -regulated, but STIM1-independent negative feedback mechanism for the slow inactivation of CRAC channels. The physiological significance of this mechanism for T cell function remains to be established.
The phosphorylation of STIM1, like that of ORAI1, has been linked to the regulation of CRAC channel function and SOCE during mitosis and meiosis. Smyth et al. [85] observed that SOCE was greatly suppressed in mitotic cells despite normal expression levels of STIM1. ORAI1 expression was slightly decreased in mitotic cells, but its overexpression did not rescue SOCE. Instead, the phosphorylation of two serine residues (486 and 668) in the C-terminus of STIM1 by cyclin-dependent kinase 1 (CDK1) was found to suppress SOCE because expression of STIM1 molecules that were truncated at position 482 or contained mutated S486 and S668 residues rescued SOCE during mitosis [85] . Cells expressing a C-terminally truncated form of STIM1 lacking S486 and S668 proliferate more slowly than cells expressing wild-type STIM1 and a larger percentage of cells are blocked in the G2/M phase of the cell cycle, potentially due to their inability to suppress SOCE during mitosis. Using a Xenopus oocyte model, Machaca and colleagues demonstrated that SOCE is also inhibited during meiosis due to impaired STIM1 puncta formation and enhanced internalization of ORAI1 into an intracellular vesicular compartment [86] . While STIM1 was found to be phosphorylated during meiosis, presumably due to the kinase function of the maturation promoting factor (MPF, a heterodimer containing cyclin B and cdc42), mutation of putative MPF phosphorylation sites had no effect on STIM1 clustering or CRAC channel function [86] . In contrast to its inhibitory effects on SOCE during mitosis and potentially during meiosis, STIM1 phosphorylation was also shown to activate SOCE. STIM1 is phosphorylated by the extracellular-signal-regulated kinases (ERK) 1/2 on serines S575, S608 and S621 located in the STIM1-CT. ERK1/2 phosphorylation is required for the ability of STIM1 to bind to ORAI1 and activate SOCE as mutation of all three serine residues impaired SOCE [87] . While puncta formation by mutant STIM1 remains intact, its colocalization with ORAI1 is inhibited, suggesting that STIM1 phosphorylation on S575/S608/S621 may regulate its ability to bind to ORAI1.
Collectively, the studies discussed above indicate that CRAC channel function is controlled by the phosphorylation status of ORAI1 and STIM1 proteins. The mechanisms underlying this phosphorylation-dependent regulation remain to be elucidated. Given the reported role of interactions between acidic and basic residues in controlling intra-and intermolecular STIM1 interactions and STIM1-ORAI1 binding (see '' Mechanisms of ORAI1-CRAC channel activation by STIM proteins'' above), it is tempting to speculate that the phosphorylation of serine/ threonine residues in STIM1 and ORAI1 provides a means to modulate the strength of these interactions and thereby SOCE. At the cellular level, the physiological relevance of ORAI1 and STIM1 phosphorylation for lymphocyte function during immune responses is not known, but could be a mechanism to regulate T and B cell function through modulation of SOCE.
ORAI1 ubiquitination
The expression of many cell membrane proteins is regulated by their ubiquitination through E3 ubiquitin-protein ligases, which monoubiquitinate and thereby target them for internalization and lysosomal destruction. ORAI1 protein expression is regulated by the ubiquitin ligase Nedd4-2. Overexpression of Nedd4-2 decreased ORAI1 protein expression and SOCE, while interfering with Nedd4-2 expression by siRNA increased ORAI1 levels [88, 89] . The effects of Nedd4-2 on ORAI1 and SOCE were reversed by expression of the serum-and glucocorticoid-inducible kinase 1 (SGK1), a known inhibitor of Nedd4-2 function. Consistent with these findings, mast cells from sgk1 -/-mice had reduced ORAI1 expression levels and SOCE. Besides ORAI1, STIM1 is a target for ubiquitination [90] .
STIM1 was found to be ubiquitinated and STIM1 levels at the surface of hippocampal neurons increased when cells were treated with proteasome inhibitors. Conversely, overexpression of the E3 ligase POSH (plenty of SH3 0 s) resulted in decreased surface STIM1 expression. The ubiquitination sites in ORAI1 and STIM1 molecules are unknown and it remains to be investigated whether ORAI1/ STIM1 ubiquitination is important for the regulation of SOCE in lymphocytes and immune responses.
Differential redox sensitivity of ORAI channels and its functional implications ORAI1 and ORAI3 were shown to be differentially regulated by reactive oxygen species (ROS) in human T lymphocytes [91] . ORAI1, but not ORAI3, channels are inhibited by oxidation through H 2 O 2 with an IC 50 of *40 lM. The differential redox sensitivity of ORAI1 and ORAI3 channels depended on a reactive cysteine (C195) localized in the second extracellular loop of ORAI1, but not ORAI3 (Fig. 4c) . Thus ORAI channels differ not only in their inactivation properties, ion selectivity, and responsiveness to 2-APB [27], but also their redox sensitivity [91] . Interestingly, naive T cells become progressively less redox-sensitive upon differentiation into effector T cells, an effect that correlated with increased ORAI3 expression [91] . These findings suggest that differential expression of ORAI isoforms is a mechanism to fine tune the redox sensitivity and thereby potentially the function and survival of T cells, for instance under oxidizing conditions in inflamed tissues. Mitochondria produce ROS including H 2 O 2 and their localization close to the immunological synapse (IS) between T cells and antigen-presenting cells (see ''Spatial regulation of CRAC channel function at the immunological synapse'' below) may influence the activity ORAI1 and ORAI3 by regulating the redox environment in which CRAC channels operate. In the future, the interplay between mitochondrial Ca 2? and redox homeostasis and its potential role for signal transduction at the IS needs to be investigated with tools that allow the subcellular analysis of ROS signaling.
Maintaining CRAC channel activity and SOCE by mitochondrial Ca 2? uptake Ca 2? sequestration by mitochondria located in close proximity to the PM is an important mechanism to regulate the activity of CRAC channels and thereby the duration and amplitude of Ca 2? influx (Fig. 4c) [92] [93] [94] [95] . In agreement with the role of mitochondria in buffering Ca 2? entering the cell through CRAC channels, mitochondria were shown to localize close to the PM in T cells following stimulation [96] and to be enriched at the immunological synapse (IS), which is formed between T cells and antigen-presenting cells [97, 98] . Consistent with the localization of overexpressed and endogeneous ORAI1 channels at the IS [97, 99, 100] , local Ca 2? domains in close proximity to the IS were modulated by mitochondria [97] , thereby preventing slow Ca 2? -dependent inactivation of CRAC channels and maintaining SOCE and NFAT translocation to the nucleus. Mitochondria are well suited for this task as they use a high capacity Ca 2? uptake mechanism in the form of the mitochondrial Ca 2? uniporter (MCU) [101, 102] . By contrast, the SERCA-dependent Ca 2? uptake into the ER is slow and ill-suited to prevent CRAC channel inactivation; on the contrary, it inhibits SOCE by promoting the binding of Ca 2? to the EFh of STIM1 and dissolution of STIM1 puncta. Mitochondria ensure that ORAI-CRAC channels localized at the IS are active over long periods of time in contrast to ORAI-CRAC channels elsewhere in the PM, which are inactivated by increases in [Ca 2? ] i [98] . Mitochondrial relocalization to the IS itself is highly Ca 2? -dependent and requires the actin cytoskeleton [98, 103] as well as motor-assisted transport along microtubules [96] . In neurons, mitochondrial movement depends on kinesin-1, which interacts with the mitochondrial protein Miro [104] . Ca 2? binding to the EFh domains of Miro results in arrest of mitochondrial motility as Ca 2? bound Miro directly interacts with the motor domain of Kinesin-1, thereby preventing motor-microtubule interactions and mitochondrial movement [104] . Whether similar mechanisms are at work in lymphocytes remains to be investigated, but it is tempting to speculate that mitochondria are arrested at sites of high Ca 2? concentrations near ORAI1-CRAC channels at the IS to sustain SOCE and Ca 2? -dependent signaling processes and gene expression in T cells [69, 97, 105, 106] .
Additional molecules regulating CRAC channel function
STIM1 and ORAI1 are generally considered to be necessary and sufficient to mediate CRAC channel function and SOCE in lymphocytes and other cell types. Genetic deletion of ORAI1 or STIM1 in human and mouse lymphocytes abolishes SOCE or severely impairs it [8, 28, 29, 69, 107, 108] . Conversely, co-expression of ORAI1 and STIM1 in the same cell, but not either protein alone, results in 10-100-fold amplification of CRAC current amplitudes [109, 110] , indicating that ORAI1 and STIM1 are sufficient for CRAC channel function and are rate-limiting factors. To prove that STIM1-ORAI1 interaction is sufficient to gate ORAI1 channels in the absence of other proteins, Zhou et al. [56] co-expressed STIM1 and ORAI1 in the yeast Saccharomyces cerevisiae, which lacks endogenous SOCE activity and expresses no STIM or ORAI homologues. Their experiments elegantly showed that STIM1 fragments containing CAD are sufficient to activate ORAI1 and Ca 2? flux in membrane vesicles from S. cerevisiae. While these studies argued that additional molecules are not required for ORAI1 CRAC channel activation, they do not exclude that other proteins may bind to and modulate the function of ORAI1/STIM1 complexes. Indeed, a number of proteins have been identified that either promote or inhibit CRAC channel function (Fig. 4c) .
Activators of CRAC channel function
Gwack and coworkers identified a novel family of EF-hand containing proteins, CRACR2A and B, which directly bind to ORAI1 and STIM1 and function as positive regulators of SOCE (Fig. 4c) ] i increases due to SOCE. In search of other ORAI/STIM-interacting molecules, the same group recently identified junctate, a single-pass transmembrane protein that is an alternative splice isoform of junctin and aspartyl b-hydroxylase [112] (Fig. 4c) . Junctate is known to be present in triad/dyad junctions in skeletal muscle, where it plays a role in coupling voltage-gated Ca 2? channels to ryanodine receptors in the SR [113] . In Jurkat T cells with replete Ca 2? stores, junctate is localized at ER-PM junctions. Upon store depletion, it colocalizes with STIM1 in puncta and can be co-immunoprecipitated with STIM1 (as well as ORAI1) [112] . Mutation of an EF-hand domain in the ER lumenal part of junctate results in SOCE due to clustering of STIM1 that is independent of store depletion. These data suggest that junctate facilitates recruitment of STIM1 (and ORAI1) to ER-PM junctions via protein interactions in the ER lumen. Another protein recently identified to bind to ORAI1 and STIM1 in Jurkat T cells is a partner of STIM1 (POST), a ten-transmembrane spanning protein of unknown function [114] . While POST relocates to the plasma membrane together with STIM1 upon ER store depletion, it does not directly regulate SOCE as its knock-down by siRNA or its overexpression did not have significant effects on SOCE in T cells. However, POST mediates the binding of STIM1 to plasma membrane Ca 2? ATPases (PMCA) and attenuates their activity. PMCAs pump Ca 2? out of the cytoplasm into the extracellular space, and by inhibiting PMCAs, POST prevents Ca 2? clearance from the cytosol and increases [Ca 2? ] i independent of SOCE. A protein that may directly regulate ORAI1 function and Ca 2? influx independent of STIM1 is the secretory pathway Ca 2? -ATPase (SPCA2), which is known to regulate Ca 2? sequestration in the Golgi apparatus [115] . Overexpression of SPCA2 in HEK293 cells caused NFAT activation and increased Ca 2? influx, which was suggested to be mediated by direct binding of SPCA2 to the CT of ORAI1 in a STIM1-and store-independent manner. Interestingly, SPCA2 is upregulated in breast cancer cells and suppression of SPCA2 moderately attenuates basal Ca 2? levels and tumorigenicity [115] , suggesting that constitutive Ca 2? influx via ORAI1 and SPCA2 may promote tumor growth. Whether SPCA2 can regulate other Ca 2? channels besides ORAI1 and if it plays a role in non-malignant cells including lymphocytes is presently unclear.
Proteins inhibiting CRAC channel function
Several proteins have been identified that negatively regulate CRAC channel function and SOCE (Fig. 4c) . One of them is Golli, the product of alternative transcription from the myelin basic protein (MBP) gene, which is expressed throughout the immune system, including T cells [116, 117] . Golli is a cytoplasmic protein but its inhibitory effect on SOCE depended on myristoylation and recruitment to the plasma membrane. The mechanism underlying Golli's effect on SOCE is unknown, but it was suggested that Golli binds to the CT of STIM1 and that Golli, STIM1, and ORAI1 colocalize at the plasma membrane [118] . T cells from Golli -/-mice showed enhanced SOCE in response to anti-CD3 stimulation and I CRAC following thapsigargin treatment, resulting in enhanced T cell proliferation in vitro. Another negative regulator of SOCE is stanniocalcin 2 (STC2), and fibroblasts lacking this protein showed enhanced SOCE [119] . Stanniocalcin 2 directly binds to STIM1 and colocalizes with it in the ER. Although its expression is upregulated in response to ER stress consistent with its potential role in the regulation of SOCE [120] , stanniocalcin 2 is best characterized as a secreted glycoprotein. Its role in the ER and the mechanisms by which it inhibits STIM1 function and SOCE remain to be defined. The oxidoreductase ERp57 is localized in the ER, where it functions not only as a component of the peptide-loading complex of MHC class I molecules [121, 122] but is also involved in the modulation of SERCA function [123] . ERp57 was identified by Biacore analysis as a STIM1 binding protein. Genetic deletion of ERp57 moderately enhanced SOCE [124] , suggesting that ERp57 inhibits SOCE by interfering with STIM1 function. Mutation of a pair of cysteine residues in the NT of STIM1 (C49, C56) partially reduces the binding of ERp57 to STIM1 (as measured by FRET) but profoundly inhibits STIM1 puncta formation and SOCE [124] . The mechanisms by which ERp57 modulates STIM1 function remain to be elucidated, but the finding by Hawkins et al. [125] that STIM1-C56 is modified by S-glutathionylation in response to oxidative stress resulting in store-independent, constitutive Ca 2? entry suggests that ERp57 may be involved in the redox regulation of SOCE.
Another ER protein that inhibits SOCE by binding to STIM1 is the SOCE-associated regulatory factor (SARAF, Fig. 4c ) [126] . SARAF is a single-pass transmembrane protein that, like STIM1 and STIM2, is localized in the membrane of the ER and that is highly expressed in immune and neuronal tissues [126] . Its overexpression reduced basal cytosolic Ca 2? levels, SOCE and CRAC currents, whereas RNAi-mediated depletion had the opposite effect. In cells with replete ER Ca 2? stores, SA-RAF colocalized with STIM1 and prevented its recruitment into puncta and the activation of Ca 2? influx. Upon store depletion, SARAF was recruited into puncta together with STIM1 in a process that requires the cytoplasmic C-terminus of SARAF. Overexpression of SARAF did not reduce the peak amplitude of I CRAC but resulted in a more pronounced slow CRAC channel inactivation [126] . Inactivation was dependent on Ca 2? influx and correlated with enhanced dissociation of STIM1 oligomers. Collectively, these findings suggest that SARAF prevents STIM1 and STIM2 activation in resting cells and promotes STIM1 deoligomerization following Ca 2? influx, thereby limiting increases in [Ca 2? ] i . Further studies are required to determine if SARAF detects changes in cytoplasmic and ER Ca 2? levels directly or through its interaction with STIM1. It also remains to be analyzed if SARAF can directly bind to ORAI1 and whether it interacts with other proteins that regulate CRAC channel function described above. Taken together, the fact that several proteins have been identified that inhibit CRAC channel function emphasizes the importance of limiting SOCE to avoid potentially deleterious effects on cellular function and survival.
Spatial regulation of CRAC channel function at the immunological synapse
Spatial rearrangement of signaling molecules and organelles serves as a mechanism to regulate cellular activation. A good example of this principle in the immune system is the polarization that occurs during formation of an immunological synapse (IS) between a T cell and an antigenpresenting cell (APC), which is accompanied by enrichment and depletion of proteins and organelles at the IS [127, 128] . Several studies showed that ORAI1 and STIM1 proteins are recruited to the IS between T cells and APCs [97, 99, 100] . In one study, ORAI1 and STIM1 ectopically expressed in Jurkat T cells and primary human T cells accumulated at the IS formed with superantigen-pulsed Raji B cells or dendritic cells, resulting in localized Ca 2? influx at the IS [100] . Endogenous ORAI1 accumulation at the Jurkat T-Raji B cell interface was observed by Quintana et al. [97] . Another study also reported that ORAI1 and STIM1 may colocalize in clusters in the vicinity of the IS, but furthermore showed that both molecules are located together in cap-like structures at the distal pole of Jurkat T cells away from the TCR [99] . These ORAI1/STIM1-containing caps dynamically rearranged when T cells interacted with superantigen-loaded Raji B cells, resulting in the recruitment of ORAI1 and STIM1 to the existing or newly formed IS at least in a fraction of cells.
It is not understood how ORAI1 and STIM1 are recruited to the IS. Considering that STIM1 puncta form before CRAC channel activation [47], it appears reasonable to assume that STIM1 puncta may form at the IS prior to ORAI1 channel activation. This favors a model where STIM1 anchors ORAI1 at the IS to provide a physical basis for the local activation of Ca 2? influx. Ca 2?
influx itself does not appear to be important for ORAI1/ STIM1 accumulation at the IS, since expression of a nonconducting mutant of ORAI1 (E106A) that abolishes Ca 2? influx does not interfere with the localization of STIM1 and ORAI1 at the IS [100] . CRAC channel activation in other cell types requires the formation of ER-PM junctions in which both membranes are juxtaposed at close range (10-25 nm) [48] to facilitate interactions between ORAI1 and STIM1 in separate membrane compartments. Indeed, Orci et al. [129] showed by ultrastructural analysis of HeLa cells that STIM1-rich subdomains of the ER form cortical ER domains in close contact with the PM upon depletion of Ca 2? from the ER. Recruitment of STIM1 to the IS may therefore require the formation of ER-PM junctions near the IS, but this has not yet been investigated. It is conceivable that the ER is dynamically recruited to the IS during T cell polarization, potentially with the help of proteins such as junctate as discussed above [112] .
Localized Ca 2? influx at the IS is sustained by the recruitment of mitochondria to the IS [97, 98] as mitochondrial Ca 2? uptake was shown to prevent the Ca 2? -dependent inactivation of CRAC channels as discussed in ''Regulation of SOCE by posttranslational modification and other mechanisms'' above [96] . Intriguingly, although both mitochondria and ORAI1 were shown to be recruited to the IS, they did not directly colocalize [97] . This is expected as ORAI1-STIM1 interactions require the formation of tight ER-PM junctions [48] , which exclude mitochondria. It is likely, however, that mitochondria are positioned directly outside the ER-PM junctions to take up Ca 2? that fluxes into this narrow space after CRAC channel opening. Thus, in addition to the enrichment of ORAI1 and STIM1 at the IS, the recruitment and retention of mitochondria close to the IS is essential to sustain Ca 2? influx and T cell activation, especially gene transcription that requires prolonged Ca 2? influx. Localized Ca 2? influx at the IS may furthermore be of physiological importance in cytotoxic CD8
? T cells and NK cells. Formation of a lytic IS between CD8
? T cells and their targets, for instance tumor or virus-infected cells, ensures antigen-specific killing and minimizes unspecific effects on bystander cells [130, 131] . Since secretion of cytolytic granules containing perforin and granzymes by cytotoxic lymphocytes requires Ca 2? influx [132] [133] [134] [135] , localized SOCE at the IS mediated by polarized ORAI/ STIM molecules may facilitate the spatially restricted release of cytolytic molecules.
Consequences of CRAC channel dysregulation on lymphocyte function
Given the many mechanisms that exist to control CRAC channel function, it is reasonable to assume that SOCE and [Ca 2? ] i have to be tightly regulated to avoid the potentially deleterious consequences of abnormal CRAC channel activity and SOCE on cell function. In the following, we will briefly discuss the outcome of CRAC channel dysregulation on lymphocyte function and adaptive immune responses.
Decreased CRAC channel function
The effect of decreased CRAC channel function on lymphocyte-mediated immune responses is perhaps best highlighted by patients with mutations in ORAI1 or STIM1 genes that abolish I CRAC and Ca 2? influx [8, 28, 108, 136, 137] . The mutations and clinical phenotypes in these patients have been described in greater detail elsewhere [137, 138] . Briefly, the dominant clinical phenotype observed in patients with CRAC channelopathy is immunodeficiency with recurrent and life-threatening bacterial, fungal, and viral infections in early infancy [136, 139] . The spectrum of infections and their typical onset is similar to the immunophenotype observed in patients with severe combined immunodeficiency (SCID). However, in contrast to SCID patients, patients with mutations in STIM1 or ORAI1 have normal lymphocyte numbers and a normal TCR repertoire suggesting that lymphocyte development is not dependent on CRAC channel function and SOCE [140] .
Despite normal development, the function of SOCEdeficient lymphocytes is strongly impaired. Lymphocytes from patients with mutations in STIM1 or ORAI1 have a significantly reduced proliferative response to TCR and mitogen stimulation and fail to produce a variety of effector cytokines such as IL-2 and IFNc [28, 108, 141, 142] . Furthermore, the cytotoxic function of NK cells is significantly impaired in the absence of SOCE [134] . The immunodeficiency in patients with CRAC channelopathy is recapitulated in mice with targeted deletion of Orai and Stim genes. The production of effector cytokines by CD4
?
T helper cells such as Th1, Th2, and Th17 cells is impaired in the absence of functional STIM1, STIM2, or ORAI1 [30, 70, 107] . Consistent with decreased T cell function in vitro, ORAI1-and STIM1-deficient mice displayed blunted or abolished T cell-dependent immune responses in vivo. ORAI1-deficient mice tolerated allogeneic skin grafts significantly longer than wild-type control mice and failed to mount Th2-mediated contact hypersensitivity responses [30] . ORAI1-and STIM1-deficient mice were protected from developing autoimmune inflammatory bowel disease (IBD) in a murine model of colitis following adoptive transfer of naive CD4
? CD45RB ? T cells [30] . Furthermore, SOCE is required for the induction of T cellmediated autoimmune CNS inflammation as mice with T cell-specific or complete deletion of STIM1 failed to develop experimental autoimmune encephalomyelitis (EAE), whereas STIM2-deficient mice were partially protected from EAE [70, 71] . Protection is due to impaired function of Th17 cells that play an important role in the pathology of EAE and multiple sclerosis. In contrast to T cells, the function of B cells seems to be largely preserved in STIM1 and STIM1/STIM2-deficient mice as T-dependent and T-independent antibody responses following immunization of mice was intact [107, 138, 143] . Likewise, no defect in B cell development has been observed in SOCE-deficient patients or mice.
CRAC channel function is required for the development of CD4
? CD25 ? Foxp3 ? regulatory T (Treg) cells, the numbers of which were moderately reduced in patients with mutations in STIM1 [108, 144] and severely decreased in mice with combined, T cell-specific deletion of Stim1 and Stim2 genes [69] . Reduced Treg numbers are a likely explanation for the autoimmunity observed in the patients, which is characterized by autoimmune hemolytic anemia and thrombocytopenia as well as lymphadenopathy and hepatosplenomegaly [108, 136, 141] . A similar phenotype is observed in STIM1/STIM2-deficient mice, which develop pulmonary, intestinal and salivary gland inflammation due to failed Treg-mediated suppression of leukocyte infiltration and activation in these organs [69, 145] . The function of Treg cells depends on SOCE as deletion of both Stim1 and Stim2 genes in mice abolished Treg-mediated suppression of lymphocyte proliferation in vitro. By contrast, lack of STIM1 or functional ORAI1 in Orai1 KI/KI mice only moderately affected Treg function (and had no effect on Treg development). Since small residual SOCE is present in ORAI1-and STIM1-deficient T cells, these findings suggest that Treg cells require very little Ca 2? influx [30, 69, 107] . On the other hand, proinflammatory Th17 cells are more dependent on CRAC channels as even moderately reduced SOCE in STIM2-deficient mice significantly impaired their function [70] . The molecular basis for these distinct SOCE requirements in different T cell lineages remains to be investigated. A more detailed review of the role of CRAC channels in different immune cells including lymphocytes can be found in [146, 147] .
Increased CRAC channel function
The number of mechanisms and proteins identified to curtail CRAC channel function discussed above suggest that SOCE needs to be tightly controlled. However, the pathophysiological outcome of elevated CRAC channel activity on lymphocytes and other cell types has been explored only in a couple of studies. One of the best examples of how constitutive CRAC channel activation affects cell function is provided by mice that carry an activating D84G mutation in the EFh domain of STIM1, which were generated by random N-ethyl-N-nitrosourea (ENU) mutagenesis [43] . Mice homozygous for the mutation were embryonically lethal around E13.5 with severe hemorrhages, most likely due to vascular defects or platelet dysfunction. By contrast, heterozygous mice were viable, and T cells from these mice displayed elevated resting [Ca 2? ] i , but normal SOCE in response to TCR stimulation [43] . Importantly, T cell development, proliferation, and cytotoxic function were normal in Stim1 D84G/? mutant mice. These mice did, however, develop splenomegaly, thrombocytopenia, and a bleeding disorder, which has been attributed to a decreased life span of platelets. Surprisingly perhaps, no other phenotypes such as autoimmunity have been reported in these mice despite constitutive CRAC channel activation.
Feng et al. [117] examined the effects of enhanced SOCE in lymphocytes by studying T cells from mice lacking Golli, a negative regulator of SOCE. T cells from ? :CD8 ? ratio [117] . This phenotype was attributed to significantly increased T cell proliferation and IL-2 production upon TCR stimulation. Based on the enhanced activation of Golli-deficient T cells observed in vitro, one might have predicted exacerbated T cell-mediated immune responses in vivo, but the opposite was the case. When Golli -/-mice were immunized with MOG peptide, they displayed significantly reduced severity of EAE compare to wild-type littermates. T cells isolated from MOG-immunized Golli -/-mice proliferated poorly when restimulated with MOG in vitro, suggesting that they had become unresponsive to repeated TCR stimulation. This observation is consistent with the model proposed by Macian et al. [133] that Ca 2? signaling in the absence of costimulation causes T cell anergy through activation of NFAT alone, whereas productive T cell responses require activation of NFAT together with other transcription factors such as AP-1 [132] . It will be important to study in more detail how increased SOCE causes T cell anergy, and if, conversely, impaired SOCE results in loss of immunological tolerance and autoimmunity by interfering with the induction of T cell anergy. The effects of deleting other CRAC channel inhibitory proteins such as stanniocalcin 2, ERp57, or SARAF on lymphocyte function and immune responses have not been studied. Likewise, it remains to be elucidated if the mechanisms that result in fast or slow CRAC channel inactivation discussed further above play a role in controlling lymphocyte function.
Conclusions and outlook
CRAC channels and SOCE are present in most, if not all, immune cells, including lymphocytes. It is therefore not surprising that many mechanisms exist to control SOCE and thereby immune responses. Since the crucial discoveries of ORAI1 and STIM1 as the elementary units of store-operated Ca 2? entry [8-10, 32, 33, 47] that mediate CRAC channel function [56] , several additional modulators of this pathway have been identified that either promote or restrain SOCE. Future studies will need to clarify the precise molecular mechanisms-including structural information-by which ORAI and STIM proteins regulate CRAC channel function and to identify other proteins that modulate SOCE. Even before the discovery of ORAI/STIM molecules, careful electrophysiological analyses had described processes such as fast and slow CRAC channel inactivation that play potentially important roles in shaping Ca 2? signals and lymphocyte functions. We now possess a better molecular understanding of CRAC channel inactivation and can, for the first time, test if interfering with these processes affects cell function and immune responses. More importantly yet, we are now able to systematically test the role of CRAC channels themselves in lymphocyte function and immunity by gene targeting in animal models or the study of human patients with mutations in CRAC channel genes. Some of the questions to address with regard to the role of CRAC channels in immunity will be which ORAI and STIM homologues mediate leukocyte function, whether distinct requirements for CRAC channel function exist in different lymphocyte lineages and how modulation of SOCE influences immune responses. Answering these questions will be critical to determine whether CRAC channel inhibition might be a safe and effective therapeutic approach for the treatment of autoimmunity, inflammation, and other forms of immune dysregulation in the future. 
